Introduction
Ge dot devices emit light the wavelength of which matches with the current light communication system due to inevitable Si-Ge mixture and strain-induced band modulation [1] , and are promising for future light-emission devices which are produced with a Si/Ge material system. Conventionally, Ge dots are formed on a Si surface using coalition and self-organized mechanisms. However, their positions are random. Recently, Ge dot array alignment has been performed by self-organizing Ge dots on patterned convex structures such as a ridge and a mesa structure [2] . However, precise size determination and positioning are still difficult due to the self-organizing mechanism itself. In this paper, we apply new formation mechanisms to the method of Ge dot formation on Si. In this method, Ge is grown with a gas source molecular beam epitaxy (GS-MBE) method on a pit-patterned Si surface. We have found that whole deposited Ge can finally migrate to the bottom of the pits by a post-anneal. The sizes and positions of the Ge dots are precisely and artificially determined by the amount of the Ge growth and patterned pit positions.
Experimental
By conventional oxidation and photolithography techniques, we formed pit and V-groove patterns in a Si(001) surface as shown in Fig. 1 . The patterns were etched with a tetramethyl ammonium hydroxide (TMAH) solution and the structures are formed by (111) planes. After cleaning the patterned Si substrate by an anneal under hydrogen ambient in a GS-MBE system, Ge growth experiments were carried out at substrate temperatures (T G , growth temperature) ranging from 500 -800 ºC.
Results and Discussion

Direct observation of Ge migration effects on Si(001)
Using the partially patterned Si(001) substrates, we have succeeded in direct observation of the Ge migration effects as shown in Fig. 2 . When T G = 500 ºC, Ge dots are formed on the whole surface (a), however, when T G = 730 ºC, an area forms, where no dot is observed, due to the Ge migration to the pit area (b). The area width is estimated as a Ge migration length and exhibits the activation-type dependency on the growth temperature, T G . The estimated activation energy is 1.7 eV in the range of 680 -800 ºC. 
Formed Ge dot position and migration behavior
We have investigated the formed Ge dot position and migration behavior using partially V-grooved substrates (Fig. 3) . Ge dots are formed (a) on the whole surface in the Fig. 3 . Ge migrates and forms dots at quasi-stable positions, and at higher temperatures, at the bottom of the V-groove which is the stablest position. lower T G range (≈ 500 -650 ºC), and (b) on the edges, the folded concave lines and the bottom of the V-groove in the middle T G range (≈ 650 -700 ºC), and (c) on the bottom of the V-groove in the higher T G range (>~700 ºC), respectively. As the T G increases, Ge migrates to the edges and folded lines which act as a quasi-stable position. We have found that the stablest positions at the higher T G are the bottom of the V-groove and the bottom of the pit. The same migration behavior was also observed during post-annealing after the Ge growth, and Ge finally moves to the stablest positions by the thermal excitation. The migration behavior is modeled in Fig. 4 . Since the substrate surface during the growth and post-annealing was set vertical to the earth, the obtained results indicate that the gravitation is not significant in the migration mechanisms.
Wettability is the most probable factor to be considered in the migration behavior.
Proposed method of migration-induced Ge dot formation
On the basis of the results of the formed Ge dot position and migration behavior, we have proposed a new migration-induced Ge dot formation method. With the method, Ge is grown on a pit-patterned Si surface and Ge dots are formed on the bottom of the pit by further migration induced by additional thermal excitation. In the experiments, Ge was grown with T G = 700 ºC and the surface was post-annealed with T G = 700 ºC for 30 min. The images obtained from typical formed Ge dot arrays are shown in Fig. 5(b)(c) . For comparison, a typical image of an as-patterned Si surface is also shown in Fig. 5(a) . Ge dots with a size of 50 nm have been successfully obtained. To clear the device structure, the illustration for this formed array is also shown in Fig. 6 .
Conclusions
We have cleared the positions of Ge dots formed on a patterned Si(001) over wide growth temperature range and have cleared the dot formation and Ge migration behavior. We have also found that the bottom of pits and V-grooves are served as stablest positions for Ge dot formation during both Ge growth and post-annealing. We have also proposed a new method of a migration-induced Ge dot formation with which Ge is grown on a pit-patterned Si and Ge further migration by surface annealing. With this method, 50-nm size Ge dot array has been obtained. The sizes and positions are artificially determined by the growth amount and the pit positions.
